INTRODUCTION
Biliary stenting is a widely accepted rescue method in patients with failed stone extraction under endoscopic retrograde cholangiopancreatography (ERCP) and plastic biliary stents are commonly used around the world [1, 2] . It is worth noting that fully covered self-expanding metal stents (FCSEMS) have been used in the management of difficult common bile duct stones (CBDS) and have gained satisfactory clinical outcome [3] [4] [5] [6] [7] . In the research of Garcia-Cano's group [3] , FCSEMS implantation was adopted after an ERCP session without complete CBDS extraction. Successful biliary drainage was obtained in all 29 cases. After a median of 199.5 d of follow-up, FCSEMS was removed in 16 patients with a complete CBDS extraction in 15 (93.7%) cases. Another research reported that after 6.4-wk FCSEMS insertion, stent patency rate was 100% (36/36) and success rate of first attempt to clear CBDS was 80.6% (29/36) [4] . Both sodium cholate (SC) and disodium ethylene diamine tetraacetic acid (EDTA) have been found to be able to dissolve biliary stones [8] [9] [10] [11] . In our previous studies, we have developed a drug-eluting plastic stent (PS) by the method of dip coating, which is able to release EDTA and SC, and the novel stent has been proved to effectively dissolve CBDS ex vivo and in a live porcine CBDS model [12, 13] . But we also observed that the drug-loaded coating outside the PS might fall off during application, which could weaken the stone-dissolving effect of the stent. We have tried coaxial electrospinning, one method to produce drug-loaded nanofiber film, instead of dip coating to manufacture drug-loaded stent; however, burst release of drug became another issue and the stone-dissolving effect was barely satisfactory [14] .
Sustainable drug release and unobstructed bile drainage are desired in stonedissolving stents. In this study, we aimed to modify our stone-dissolving stents. PS was replaced by FCSEMS since FCSEMS can provide more effective drainage and is becoming a promising alternative in the bridge therapy for difficult CBDS. And a new method of manufacturing drug-loaded stent was tested to overcome the problem of coating falling off and burst release of drug.
MATERIALS AND METHODS

Preparation of drug-eluting stents
Customized nitinol stents (Micro-Tech Co., Ltd., Nanjing, China), which are 2 cm long, 6 mm wide at the proximal end, 5 mm wide at the waist, and 4 mm wide at the distal end and covered with silicone membrane, were used in this study ( Figure 1A) . Polycaprolactone (PCL) was adopted as drug carrier and 100 mg SC and EDTA at a molar ratio of 1:1 were loaded on stents. Three different types of SC and EDTAeluting stents were manufactured by dip coating, coaxial electrospinning, or dip coating combined with electrospinning, which were assigned as Stent I, Stent II, and Stent III, respectively ( Figure 1A ). Naked nitinol stent served as a control. By dip coating, naked nitinol stents were immersed in mixed solution of PCL and SC and EDTA, and air dried in fuming cupboard. Then, the above-mentioned steps were repeated for several times until the stents reached the expected drug-loading. The steps of coaxial electrospinning was the same as we described in our previous study [14] . For dip coating combined with electrospinning, after dip coating, another super-thin layer of PCL was coated outside the drug-loaded stents by electrospinning. Every drug-eluting stent was weighed before and after they were coated. The mass of coating (mg) was calculated as mass of coated FCSEMS (mg) -mass of naked FCSEMS (mg), and the drug-loading efficiency (%) was calculated as drug loading/coating mass × 100%.
Drug release in vitro
Three kinds of drug-eluting stents loaded with 100 mg SC and EDTA and naked nitinol stents (stents without drugs) were immersed in 10 mL phosphate-buffered saline (PBS, 0.01 M, pH 7.4) in 15 mL tubes (n = 6 in each group). All the tubes were placed in a shaker incubator at an oscillator frequency of 60 rpm at 37 °C. After predetermined incubation time of 1, 2, 3, 4, 5, 10, 15, 20, 25, or 30 d, 1 mL of the buffer in each tube was collected and replaced with 1 mL of fresh PBS. The collected buffer was measured by high-performance liquid chromatography (HPLC) to figure out how much SC and EDTA were released into PBS. Cumulative drug release percentage (%) was calculated as actual drug release/drug loading capacity × 100%.
Dissolution of biliary stone in still buffer in vitro
CBDS were obtained from patients with choledocholithiasis who underwent choledocholithotomy at Shanghai General Hospital, and informed consent was obtained from all patients. The collected stones were rinsed with saline and then airdried for one month. CBDS (mass in 100 mg) together with one of four FCSEMS were placed into 10 mL PBS in 15 mL tubes (n = 6 in each group) and the PBS in each tube was changed daily. All the tubes were also placed in a shaker incubator at an oscillator frequency of 60 rpm at 37 °C. Stone-dissolving efficacy of drug-eluting stents was assessed by calculating mass loss ratio of stones at predetermined incubation time of 1, 2, 3, 4, 5, 10, 15, 20, 25, or 30 d. The stones were dried in a homeothermal dryer at 60 °C for 24 h before they were weighed. Weight loss ratio (%) was calculated as [(original weight -residual weight)/original weight] × 100%.
Dissolution of biliary stone in flowing bile in vitro
In order to mimic the biological environment in the CBD with bile flow, we collected some computed tomography and MRCP images of patients with CBDS and made an in vitro human-scale simulated CBD as bile perfusion model with the help of 3D-printing ( Figure 1B ). Human bile was obtained from patients who underwent endoscopic nasobiliary drainage. One stent and one CBDS (mass in 100 mg) were put into the CBD model together and a total of 1000 mL of human bile was perfused into each CBD model every day ( Figure 1C , n = 6 in each group). After 5, 10, 15, 20, 25, or 30 d of bile perfusion, mass loss ratio of stones in each group was calculated as described above.
Biosecurity of SC/EDTA-eluting FCSEMS in vivo
All experimental procedures were approved by the Animal Care and Use Committee of Shanghai Jiaotong University School of Medicine. A total of 10 male miniature pigs Back view, one stent and one stone can be put inside the model through the hole on the back); C: Picture illustrating dissolution of biliary stone in flowing bile in bile perfusion model. One stent and one CBD stone (mass in 100 mg) were put into the CBD model together and a total of 1000 mL human bile was perfused into each CBD model every day, that is, 1000 mL human bile will flow through the stent and stone every day. In this way, we get to know whether our stent can exert the stone-dissolving effect in flowing bile. CBD: Common bile duct; CBDS: Common bile duct stone.
aged 1-2 years and weighing 15-20 kg were included in the study and randomly assigned to two groups (n = 5 each). The animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, ad libitum access to food and water) for 2 wk prior to experimentation. Naked FCSEMS and Stent III were involved in this part. The porcine CBD was partially ligated for one week via laparoscopy and one stent was put into the dilated porcine CBD above the papilla through open surgery ( Figure 2 ). All the procedures were conducted under general anesthesia. Serum samples were collected before stent insertion, 15 and 30 d after stent insertion and tested. After 1-mo follow-up, all the animals were sacrificed. Specimens, including the gallbladder, CBD, duodenal wall, liver, and kidney were collected. Hematoxylin and eosin (HE) staining was conducted on all the specimens for histopathological examination. And two senior pathologists helped read the HE slides and grade the severity of inflammation on a scale from mild (+), moderate (++) to severe (+++), according to the numbers and range of infiltrated inflammatory cells.
Statistical analysis
Statistical analyses were performed using SAS 8e (SAS Institute, Cary, NC, United States). Data are presented as the mean ± standard deviation (SD). Student's t-test was used to compare continuous quantitative data between two groups and difference among multiple groups was detected by analysis of variance (ANOVA). For ranked data, rank sum test was applied. P < 0.05 was considered statistically significant.
RESULTS
Characteristics of the SC and EDTA-eluting FCSEMS
All the drug-eluting FCSEMS possessed a smooth surface and good patency ( Figure  1A ). In terms of coating mass and thickness, there was a significant difference among the three groups (P < 0.05). As shown in Table 1 , with the same drug loading and drug-loaded material, the average coating mass and thickness of Stent II were both greater than those of Stent I and Stent III (P < 0.05), while there was no significant difference between Stent I and Stent III (P > 0.05). The drug-loading efficiency was much lower in Stent II than in another two groups. In other words, given the same coating mass, Stent II had the least drug loading capacity. The porcine CBD was dilated after one-week ligation; C: Naked fully covered selfexpanding metal stent or Stent III was put into the porcine CBD through choledochotomy. To avoid stent migration, stents were sewed on the CBD walls with special care when closing the CBD and the ligation was removed thereafter; D: After the animals were sacrificed, all the stents were still in the bile duct without migration. CBD: Common bile duct.
Drug release behavior
Release behaviors of SC and EDTA-eluting FCSEMS and naked FCSEMS are presented in Figure 3A . Naked FCSEMS were not loaded with drugs, so neither SC nor EDTA was detected. In terms of Stent I, the cumulative release of SC and EDTA reached 46.50% ± 2.50% of the total loaded drug on day 1, 76.72% ± 1.30% on day 5, and 80.12% ± 1.80% on day 15; however, no more drugs were released thereafter. In terms of Stent II, the cumulative release of SC and EDTA reached 65.20% ± 2.38% of the total loaded drug on day 1 and 76.51% ± 1.97% on day 5, then no more drugs were released. By contrast, Stent III only released 11.29% ± 1.88% of the total loaded drug on day 1, 45.21% ± 2.77% on day 5, and 80.14% ± 1.86% on day 30. In sum, Stent I and Stent II had obvious burst release of drugs while Stent III presented controlled drug release as we expected.
Stone dissolution in still buffer
The dissolution curve is showed in Figure 3B . Naked FCSEMS only caused a little loss of stone mass (5.19% ± 0.69%) at the end of observation, which might be due to the dissolution of bile pigments of stones into the buffer. Stone mass-loss rate of Stent I reached 9.74% ± 1.14% on day 1, which gradually increased to 20.37% ± 2.13% on day 5; however, no more mass loss was seen thereafter. The situation was similar in Stent II. Stone mass loss was detected only in the first 5 d and the maximum stone mass-loss rate of Stent II was 24.57% ± 1.45%. As to Stent III, stone mass-loss rate on day 1 only reached 4.11% ± 1.67%, and stone mass loss in the first five days was lower than those of Stent I and Stent II. However, stone mass loss of Stent III gradually increased in the next 25 d and come to a final stone mass-loss rate of 33.72% ± 0.67%. In terms of final stone mass-loss rate, there were differences among the three groups (P < 0.05). The final stone mass-loss rate of Stent III was significantly higher than those of Stent I and Stent II (P < 0.05), and there existed no difference between Stent I and Stent II. In other words, with the same drug loading, Stent III possessed the best stone-dissolving effect in still buffer.
Stone dissolution in flowing bile
Stone mass loss could be observed throughout the whole experiment in all the groups ( Figure 3C ). In the first 5 d, naked FCSEMS gained 2.61% ± 0.58% of stone mass loss, while Stent I, Stent II, and Stent III gained 3.32% ± 0.62%, 3.47% ± 0.83%, and 2.82% ± 0.37%, respectively. The stone mass loss ratio of naked FCSEMS was statistically lower than those of Stent I and Stent II (P < 0.05), but similar to that of Stent III (P > 0.05). However, there existed no difference in stone mass loss ratio between any two of Stent I, Stent II, and Stent III. At the end of observation, the stone mass loss ratio of naked FCSEMS, Stent I, Stent II, and Stent III was 5.87% ± 0.25%, 6.36% ± 0.48%, 6.38% ± 0.37%, and 8.15% ± 0.27%, respectively. The final stone mass loss ratio of naked FCSEMS was lower than those of the other three groups (naked FCSEMS vs Stent I, P < 0.05; naked FCSEMS vs Stent II, P < 0.01; naked FCSEMS vs Stent III, P < 0.01). Stent I and Stent II had similar stone mass loss ratio (P > 0.05), both of which were remarkably lower than that of Stent III (P < 0.01).
Serological analysis and histopathological examination
In view of better stone-dissolving effect in flowing bile, Stent III was included in the animal experiment and naked FCSEMS acted as a control. Since we failed to place one stent together with one stone into porcine CBD through choledochotomy due to high mortality of miniature pigs (3/3) in our preliminary experiment, only the stents were placed into CBD in this study. All animals survived well after the stent placement. Comparing all the observed serological indicators (listed in Table 2 ) between the two groups, there were no difference before nor after the stent placement (P > 0.05 for all); comparing all the indicators before and after the stent placement in the same group, no difference was observed in both groups (P > 0.05 for all).
HE staining demonstrated that the gallbladder in both groups presented mild to moderate inflammatory cell infiltration and the CBD in both groups had mild to severe inflammatory cell infiltration. No necrosis or fibrosis was seen in the gallbladder and CBD. The inflammatory response rankings of the gallbladder and CBD in both groups are listed in Table 3 , and there existed no statistical difference between the two groups (P > 0.05). Besides, the duodenal wall, liver, and kidney were normal in both groups (Figure 4 ).
DISCUSSION
The treatment of difficult CBDS remains a big challenge around the world. The idea of delivering stone-dissolving agents to the location of CBDS via biliary stent is first introduced by our research group. Based on our previous work and updated progress in the endoscopic field, we presented a brand-new stone-dissolving FCSEMS.
Choice of stents
The primary goal of stent implantation in patients with CBDS is to release biliary obstruction. In this study, stone mass loss in flowing bile was observed throughout the whole experiment in all four groups, which indicated that unobstructed bile duct with flowing bile might contribute to the dissolution of CBDS. PS are usually deployed across the duodenal papilla and the incidence of duodenobiliary reflux is not rare, leading to recurrent choledocholithiasis and bile infection. Limited drainage lumen and biliary infection make PS clogged easily [15, 16] so that PS needs to be replaced periodically. Compared with PS, FCSEMS have several advantages as follows. First, FCSEMS have a bigger inner diameter, providing larger drainage volume and decreasing the possibility of stent occlusion. Second, FCSEMS with a retrieval lasso can be put above the duodenal papilla without disturbing the physiological function of the Oddi's sphincter, thus reducing the chance of biliary infection caused by duodenal-biliary reflux [6, 17] . What is more, the self-expanding performance and flexibility of nitinol stents allow larger contact area between stent and stone(s), which might increase the friction between them and speed up the disintegration of CBDS, thus facilitating later bile duct clearance. The research of Kwon et al [18] also suggested that stents with a wide contact surface with the stones were clinically more effective in reducing the stone size. In short, we presumed that FCSEMS exceed PS in maintaining fluent bile flow and disintegrating CBDS. Unfortunately, this idea cannot be verified in this study and no one has made a comparison between PS and FCSEMS in the management of CBDS yet. It is also worth noting that when the FCSEMS is put entirely in the CBD, there exists the problem of stent migration [4] . Risks related to FCSEMS insertion above the papilla need to be further evaluated.
Choice of manufacture method
Stent I and Stent II had most of their drugs released in the first 5 d, and stone mass loss in still buffer was only detected in the first 5 d. Stent III performed continuous and steady release of drugs for 30 d, and stone mass loss in still buffer gradually increased with time. What is more, Stent III gained the highest stone mass-loss rate among all the groups in flowing bile. It is not difficult to draw the conclusion that better stone-dissolving outcome is related to the sustainable drug release. Another super-thin layer of PCL was the only difference between Stent I and Stent III, therefore, we deemed that this layer of PCL contributed to the controlled drug release. Another compact layer of PCL means that drug molecules have a longer way to go to get into the water surrounding the stent, in other words, the release of drugs slows down to some extent. Comparing with burst drug release, gradual release of drugs in each day let the CBDS have more contact time with the drugs, and the litholytic effect accumulates day by day.
With the same drug loading, the drug-loaded coating of Stent I and Stent III was thinner, which made Stent I and Stent III lighter and more practical. As set forth, drug-loaded stent manufactured by dip coating had the problem of coating falling off, however, this phenomenon was not observed on Stent I. And we believe that one well-knit layer of PCL by electrospinning could prevent this potential trouble. And the further in vivo experiment demonstrated that Stent III as well as naked FCSEMS was characterized with good biosecurity in mini-pigs.
The present study was subject to several limitations. First, the stones in this study were obtained from human CBD, however, we did not tell cholesterol stones, pigmented stones, or mixed stones apart. If we want to figure out the composition of one specific stone, this stone needs to be grinded down into fine power and be tested, which made the stone classification impossible before all the experiments. Second, we failed to place one stent together with one stone into porcine CBD through choledochotomy due to high mortality of miniature pigs (3/3) in our preliminary experiment and only the stents were placed into CBD in this study. The disintegration of stone caused by mechanical friction between FCSEMS and stone could not be fully evaluated.
In conclusion, EDTA and SC-eluting stent can speed up the disintegration of CBDS in vitro and it works better when the drugs are controlled released. Given the successful application of FCSEMS in the management of difficult CBDS, the combination of controlled EDTA and SC release and FCSEMS might be a promising alternative. 
ARTICLE HIGHLIGHTS
Research background
The treatment of difficult common bile duct stones (CBDS) remains a big challenge around the world and there is no consensus on the management of difficult CBDS.
Research motivation
In our previous studies, we have developed a drug-eluting plastic stent (PS) which is able to release disodium ethylene diamine tetraacetic acid (EDTA) and sodium cholate (SC), and the stent has been proved to effectively dissolve CBDS ex vivo and in a live porcine CBDS model. However, there are several shortcomings in our previous version, thus we aimed to modify our stone-dissolving stents in this study.
Research objectives
This study aimed to manufacture a drug-eluting metal stent, which can achieve controlled release of stone-dissolving agents and speed up the dissolution of CBDS, thus providing a promising alternative for the management of difficult CBDS.
Research methods
In this study, three different methods were used to manufacture the drug-eluting stents. The drug-release behavior and stone-dissolving efficacy of these stents was evaluated in vitro to sort out the best manufacturing method. And the selected stone-dissolving stents were further put into porcine CBD to evaluate their biosecurity.
characterized by good biosecurity. The idea of delivering stone-dissolving agents to the location of CBDS via biliary stent is feasible. When conventional endoscopic techniques fail to remove difficult CBDS, SC and EDTA-eluting FCSEMS implantation may be considered a promising alternative.
Research perspectives
In the future research, a live porcine CBDS model needs to be established so that the disintegration of stone caused by mechanical friction between FCSEMS and stone could be fully evaluated. And we can compare which stent works better in disintegrating CBDS, PS, or FCSEMS.
